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␤-ZrNiD1−x 共for x ⬇ 0.1, near the ␤-␥ phase boundary兲 was found to possess a triclinic P1̄ structure as
determined by high-resolution neutron powder diffraction. This is very different from the widely accepted
orthorhombic and distorted orthorhombic Cmcm structures previously proposed. In contrast to the single type
of D site associated with these latter structures, the true ␤-ZrNiD1−x structure contains two crystallographically
distinct interstitial D sites: “Zr4Ni2” octahedral sites and “Zr4” tetrahedral sites, alternately ordered along the a
direction. From first-principles calculations, the total energy of the P1̄ structure was found to be ⬇0.24 eV per
unit cell lower than Cmcm-symmetry ZrNiD and could be rationalized in terms of different D local-bonding
configurations and metal-deuterium interactions. Resultant phonon calculations based on this structure were
also consistent with the measured neutron vibrational spectrum.
DOI: 10.1103/PhysRevB.75.064105

PACS number共s兲: 61.12.⫺q, 63.20.⫺e, 71.15.Mb, 71.20.⫺b

I. INTRODUCTION

The hydrides of the intermetallic ZrNi alloy have been
widely investigated concerning their crystal and electronic
structures,1–6 interstitial-site occupancies,3,7–12 thermodynamic properties,13–16 and many important technological
applications.17–20 Numerous studies have suggested that the
␣-phase ZrNi metal lattice retains essentially the same structure 共Cmcm symmetry兲 during hydrogen absorption, forming
␤-phase ZrNiH 共i.e., monohydride兲 and ␥-phase ZrNiH3
共i.e., trihydride兲.1–4,6 The structure and interstitial occupancies of ␥-ZrNiH3 have been exhaustively studied,2,6,12 and all
the experimental results agree well with the model first proposed by Westlake.7 For ␤-ZrNiH, an early neutron powder
diffraction 共NPD兲 study3 and a more recent x-ray diffraction
共XRD兲 study6 both favored a structure 共␣, ␤, ␥ within the
vicinity of 90°兲 that can be derived by slightly distorting the
Cmcm-symmetric structure. For more than two decades, this
quasi-Cmcm structural model has been widely accepted,
leading to the conclusion that there is only one type of energetically stable interstitial site 共“Zr4” or better described later
as the “Zr4Ni2” site兲 in ␤-ZrNiH which satisfies the two
geometric criteria of minimum hole size and minimum H-H
distance.3,6,7,9,21 However, a very recent multiprobe study of
␤-ZrNiD1−x by NMR, XRD, NPD, and neutron vibrational
spectroscopy 共NVS兲, which involved some of the present
authors,12 was found to be inconsistent with the previously
proposed structural model. This study concluded that there
are at least two different interstitial sites occupied, and although the detailed structure could not be determined, both
XRD and NPD powder-pattern data could be completely indexed assuming a more highly distorted unit cell with P1
symmetry.
In this paper, we report the true crystal structure of
␤-ZrNiD1−x at x ⬇ 0.1 共i.e., close to the ␤-␥ phase boundary兲,
which was successfully solved and corroborated via a com1098-0121/2007/75共6兲/064105共7兲

bination of NPD, NVS, and first-principles total energy and
phonon calculations.
II. MATERIALS AND METHODS

The sample investigated in the present study had an overall stoichiometry of ZrNiD0.88, and was the same sample
identified as JPL-14 in Ref. 12. Sample preparation is described in detail therein. In order to solve the structure, an
additional mixed-isotope ZrNi共H0.64D0.36兲0.88 was also synthesized in a similar manner as ZrNiD0.88 using ␣-ZrNi
共from the same alloy ingot兲12 hydrided with the appropriate
amount and isotopic ratio of H2 / D2 gas. Due to the positive
and negative neutron scattering lengths for H and D, respectively, their contributions to the Bragg peaks nearly cancel
out and the resulting powder diffraction is sensitive only to
the metal atoms. In this way, we were able to determine the
metal positions first and then locate the deuterium atom positions in the actual ZrNiD0.88 sample.
All neutron measurements were undertaken at the NIST
Center for Neutron Research. The NPD measurements were
performed with the BT-1 high-resolution powder
diffractometer22 using the Cu共311兲 monochromator at a
wavelength of 1.5403共2兲 Å. Rietveld structural refinements
were done using the GSAS package.23 The NVS measurements were performed with the BT-4 Filter-Analyzer Neutron Spectrometer24 using the Cu共220兲 monochromator.
First-principles calculations were performed within the
plane-wave implementation of the generalized gradient approximation to density functional theory 共DFT兲 using the
PWscf package.25 We used a Vanderbilt-type ultrasoft potential with Perdew-Burke-Ernzerhof exchange correlation. A
cutoff energy of 408 eV and a 6 ⫻ 6 ⫻ 6 k-point mesh were
found to be enough for the total energy and force to converge
within 0.5 meV/atom and 0.005 eV/ Å. Structure optimiza-
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tions were performed with respect to lattice parameters and
atomic positions. The phonon calculations were conducted
with the optimized structure using the supercell method with
finite difference.26,27
III. RESULTS AND DISCUSSION

Neither of the structures proposed in previous NPD and
XRD studies, Cmcm 共a = 3.28 Å, b = 10.12 Å, c = 4.05 Å兲
共Ref. 3兲 nor triclinic 共a = 3.33 Å, b = 10.18 Å, c = 4.03 Å,
␣ = 89.18°, ␤ = 89.6°, and ␥ = 89.43°兲 共Ref. 6兲 symmetries
were able to fit all the reflections of the current NPD pattern
for ZrNiD0.88. Rather, as mentioned earlier, the reflections
were recently determined12 to fit a triclinic P1 共No. 1兲
unit cell with lattice parameters: a = 5.2637共1兲 Å,
b = 5.3752共2兲 Å, c = 5.2264共1兲 Å, ␣ = 101.521共3兲°, ␤
= 100.663共2兲°, and ␥ = 100.590共3兲° at 300 K, and a
␣
= 5.2540共1兲 Å,
b = 5.3696共2兲 Å,
c = 5.2164共1兲 Å,
= 101.573共3兲°, ␤ = 100.633共2兲°, and ␥ = 100.638共3兲° at 10 K.
Using these lattice parameters as a starting point in conjunction with NPD measurements of ZrNiD0.88, the true ␤-phase
structure was solved in the following way. The number of
metal atoms in our triclinic unit cell 共4 Zr and 4 Ni per unit
cell兲 was assumed by comparing its cell volume
共V = 138.606 Å3兲 to that of Cmcm ␣-ZrNi 共VZrNi = 134.2 Å3兲
共Ref. 3兲 and the Zr: Ni= 1 : 1 stoichiometry. The NPD pattern
for ZrNi共H0.64D0.36兲0.88 was used to initially approximate the
positions of the metal atoms, since the coherent scattering
intensities from the H / D atoms were largely precluded by
the zero sum contributions of the H and D neutron scattering
lengths of −3.7406 fm and 6.671 fm, respectively. In turn,
the D atom positions were initially approximated by consideration of the possible interstitial-site sizes coupled with the
observed intensity differences between the NPD data for
ZrNi共H0.64D0.36兲0.88 and ZrNiD0.88. The final positions of all
atoms were then refined together with the lattice parameters,
thermal factors, and D atom occupancies, using the NPD
data for ZrNiD0.88. The diffraction pattern also revealed a
small amount of Zr9Ni11 phase 关2.19共1兲 wt. %, P4 / m
structure28 with a = 9.907共6兲 Å and c = 6.587共8兲 Å at 300 K,
and a = 9.880共7兲 Å and c = 6.585共8兲 Å at 10 K兴 and ␣-ZrNi
phase 关1.05共1兲 wt. %, Cmcm structure29 with a
= 3.304 01共6兲 Å, b = 9.8611共2兲 Å and c = 4.085 20共5兲 Å at
300 K, and a = 3.303共1兲 Å, b = 9.831共4兲 Å and c
= 4.080共2兲 Å at 10 K兴. The coexistence of the intermetallic
and metal-deuteride phases agrees with previous TEM
observations.6
The initial refinement results revealed that the crystallographically distinct sites in the P1 unit cell were in fact
related by an inversion symmetry operation. Therefore, the
structural symmetry group could actually be increased from
P1 to P1̄. The final P1̄ refinement, including all three phases,
yielded excellent agreement factors of Rwp = 0.0331 and Rp
= 0.0270 at 300 K, and Rwp = 0.0353 and Rp = 0.0282 at 10 K.
The experimental, fitted, and difference profiles associated
with the 300 K NPD data are shown in Fig. 1. The associated
crystallographic and structural parameters are summarized in
Tables I and II. The selected bond distances and bond angles

FIG. 1. 共Color online兲 Experimental 共dots兲, calculated 共line兲,
and difference NPD profiles for ZrNiD0.88 at 300 K. Vertical bars
indicate the calculated positions of Bragg peaks for ␤-ZrNiD1−x,
Zr9Ni11, and ␣-ZrNi 共from the top兲.

are provided in Table III.
An actual ␤-phase stoichiometry of ZrNiD0.918 关i.e.,
x = 0.082共8兲兴 is derived from the refined deuterium site occupancies. This is consistent with the fact that ⬇3.3% of the
metal atoms in the ZrNiD0.88 sample are found to be part of
the trace Zr9Ni11 and ␣-ZrNi impurity phases. Hence, it
should be stressed that the parameters reported in this paper
refer to the refined ␤-ZrNiD0.918 stoichiometry rather than
the overall ZrNiD0.88 stoichiometry. The refined structures at
10 K and 300 K indicate that the lattice parameters, bond
lengths, and thermal factors systematically increase with elevated temperature, with no significant structural changes.
The crystal structure of this triclinic ␤-ZrNiD1−x phase is
shown in Fig. 2.
In our refined structure, the unit cell contains two different types of deuterium sites. The D1 site 共2 per unit cell兲 is
coordinated by 4 Zr and 2 Ni atoms, forming a distorted
TABLE I. Lattice parameters, cell volume, weighted 共Rwp兲 and
point 共Rp兲 R factors and 2 共i.e., goodness of fit兲 for the refined
“␤-ZrNiD0.918” phase from NPD data at two different temperatures.
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Space group
共P1̄, No. 2兲
T 共K兲
a 共Å兲
b 共Å兲
c 共Å兲
␣ 共°兲
␤ 共°兲
␥ 共°兲
V 共Å3兲
Rwp
Rp
2

ZrNiD0.88 sample
10 K
300 K
5.2540共1兲
5.3696共2兲
5.2164共1兲
101.573共3兲
100.633共2兲
100.638共3兲
137.895共10兲
0.0353
0.0282
2.165

5.2637共1兲
5.3752共2兲
5.2264共1兲
101.521共3兲
100.663共2兲
100.590共3兲
138.606共8兲
0.0331
0.0270
1.861

PHYSICAL REVIEW B 75, 064105 共2007兲

STRUCTURE AND INTERSTITIAL DEUTERIUM SITES…

TABLE II. Crystallographic parameters, including site occupancies, fractional coordinates, and thermal
factors for the refined “␤-ZrNiD0.918” phase within the ZrNiD0.88 sample at T = 300 K and T = 10 K.

Atom

Site

Occupancy

x

y

z

Uiso
共⫻100 Å2兲

Zr1
Zr2
Ni1
Ni2
D1
D2

2i
2i
2i
2i
2i
2i

1.00
1.00
1.00
1.00
0.882共6兲
0.954共2兲

0.2198共6兲
0.6744共5兲
0.1212共3兲
0.2999共4兲
0.0290共7兲
0.5002共6兲

0.2929共4兲
0.2695共4兲
0.1484共3兲
0.8550共3兲
0.6227共6兲
0.4888共5兲

0.9184共5兲
0.4635共5兲
0.3732共3兲
0.0517共3兲
0.7776共9兲
0.7423共7兲

0.40共3兲
0.51共4兲
0.25共3兲
0.13共3兲
1.62共5兲
1.90共5兲

Zr1
Zr2
Ni1
Ni2
D1
D2

2i
2i
2i
2i
2i
2i

1.00
1.00
1.00
1.00
0.880共1兲
0.955共1兲

0.2186共6兲
0.6728共5兲
0.1189共3兲
0.2991共4兲
0.0295共7兲
0.5020共6兲

0.2905共4兲
0.2691共4兲
0.1489共3兲
0.8529共3兲
0.6251共5兲
0.4913共5兲

0.9163共4兲
0.4636共5兲
0.3722共3兲
0.0506共3兲
0.7815共7兲
0.7398共6兲

0.10共2兲
0.14共3兲
0.02共2兲
0.05共1兲
0.81共9兲
1.27共9兲

Zr4Ni2 octahedron. This D position is similar to the Zr4Ni2
interstitial site previously proposed for ␤-ZrNiH 共Ref. 21兲
but with much shorter Ni-D1 bond lengths 关i.e., 1.810共4兲 Å
and 1.876共4兲 Å兴. The nearest Ni atoms of the D2 site per-

form small concerted displacements towards the two neighboring Zr4Ni2 octahedra 共D1 sites兲 so that the Ni-D2 distances are significantly stretched to 2.602共4兲 – 2.779共4兲 Å,
while the Ni-D1 distances in the Zr4Ni2 octahedra 共D1 site兲

TABLE III. Selected bond distances 共Å兲 and bond angles 共°兲 for the refined “␤-ZrNiD0.918” phase
共300 K兲.
Bond length
Zr4Ni2-Site
D1-Zr1
D1-Zr1
D1-Zr2
D1-Zr2
D1-Ni1
D1-Ni2

Zr4-site
D2-Zr1
D2-Zr1
D2-Zr2
D2-Zr2
Nearest Ni
D2-Ni1
D2-Ni1
D2-Ni2
D2-Ni2
D1-D1
D1-D1
D1-D2
D1-D2
D2-D2
D2-D2

Bond angle

2.365共5兲
2.269共4兲
2.247共5兲
2.470共4兲
1.810共4兲
1.876共4兲

Zr1-D1-Ni1
Zr1-D1-Ni2
Zr1-D1-Zr2
Zr1-D1-Zr2
Zr2-D1-Ni1
Zr2-D1-Ni2
Ni1-D1-Ni2

172.72共26兲
85.22共20兲
87.22共15兲
154.76共16兲
87.78共19兲
170.99共24兲
100.18共17兲

2.110共4兲
2.064共5兲
2.135共4兲
2.079共5兲

Zr1-D2-Zr1
Zr1-D2-Zr2
Zr1-D2-Zr2
Zr2-D2-Zr1
Zr2-D2-Zr1
Zr2-D2-Zr2

100.37共18兲
111.82共20兲
119.81共15兲
109.01共17兲
110.56共16兲
105.21共19兲

2.622共4兲
2.761共4兲
2.602共4兲
2.779共4兲
2.872共8兲
2.929共9兲
2.706共7兲
2.734共6兲
2.559共7兲
2.672共7兲
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Bond angle

Zr1-D1-Zr1
Zr1-D1-Zr2
Zr1-D1-Ni1
Zr1-D1-Ni2
Zr2-D1-Zr1
Zr2-D1-Zr2
Zr2-D1-Ni1
Zr2-D1-Ni2

81.92共11兲
94.30共16兲
84.04 共17兲
82.45共17兲
95.34共16兲
105.15共18兲
80.87共20兲
80.47共15兲
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FIG. 2. 共Color online兲 共a兲 Crystal structure of ␤-ZrNiD1−x
viewed in a near-projection along the c axis. Large dark 共blue兲 and
small light 共green兲 spheres denote Zr and Ni atoms, respectively.
Small white spheres denote D atoms in the shaded polyhedra. 共b兲
Local configuration of Zr4-tetrahedral and Zr4Ni2-octahedral interstitial D sites viewed in a near-projection along the b axis. The
metal-deuterium bond distances are listed in Table III.

are shortened. The Ni-D2 bond lengths are also much longer
than the four Zr-D2 bond lengths, which are within the range
of 2.064共5兲 – 2.135共4兲 Å. Therefore, the D2 site is more reasonably described as a “Zr4 site,” which is indeed crystallographically distinct from the D1 site. The Zr4 D2 tetrahedra
共2 per unit cell兲 are fairly symmetric with Zr-D2-Zr bond
angles in the range of 100.37共18兲–119.81共15兲°, close to the
109.47° dihedral angles of a regular tetrahedron. From the
refined crystal structure 共Fig. 2兲, the different deuterium sites
apparently yield an ordered arrangement of alternating
Zr4Ni2 D1 octahedra and Zr4 D2 tetrahedra along the a axis.
Such alternately ordered columns of octahedra and tetrahedra
propagate along the c axis so as to form sheets of edgeshared polyhedra normal to the b axis. Each polyhedron
shares its Zr-Zr edge with only four other polyhedra due to
the dimensional behavior in this structure. The shortest D-D
distance in this configuration is 2.559共7兲 Å, which satisfies
the Switendick criterion.30

FIG. 3. 共Color online兲 Structure comparison between 共a兲 Cmcm
ZrNi, 共b兲 Cmcm ZrNiD and 共c兲 P1̄ ZrNiD. Large dark 共blue兲 and
small light 共green兲 spheres denote Zr and Ni atoms, respectively.
Small white spheres denote D atoms in the shaded polyhedra. The
axes of the orthorhombic structure are indicated with subscript “o.”

Figure 3 illustrates a possible Cmcm ⇔ P1̄ phase transition path between the ␣-ZrNi alloy and the ␤-ZrNi deuteride
phase during the absorption process 关see Fig. 3共a兲兴:

064105-4
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a ⬇ ao + co, b ⬇ 共ao + bo兲 / 2, c = ao + 共−co兲, ␣ = b ∧ c, ␤ = c ∧ a,
␥ = a ∧ b. According to Westlake et al.,3 ␤-ZrNiD has a
Cmcm structure similar to ␣-ZrNi, with interstitial D atoms
occupying the Zr4 site or as the later suggested, the more
plausible “Zr4Ni2 site.”21 Therefore, it is likely that the proposed Cmcm ⇔ P1̄ phase transform path may also be applied
to relations between the previously reported Cmcm ZrNiD
and the present P1̄ ZrNiD structure 关see Fig. 2共b兲兴. It is
known that the formation of a particular crystal structure is
sometimes intimately dependent on the preparation conditions, although this structure may not necessarily have the
lowest energy among all possible polymorphs of this compound. Nonetheless, the present NPD investigation of
ZrNiD0.88 from 10 K – 300 K did not reveal any evidence of
possible phase transitions. Thus, it is probable that the P1̄
structure is the only stable form for ␤-ZrNiD1−x.
The relative stabilities of the present P1̄ structure and the
previously reported Cmcm structure were investigated by
first-principles DFT calculations. Both structures were fully
relaxed during the calculations with respect to lattice parameters and atomic positions. The total energy calculated for
the optimized P1̄ ZrNiD structure was found to be ⬇0.24 eV
per unit cell lower than that for the optimized Cmcm ZrNiD
structure. Adding the zero-point contributions to the total energies resulted in a free-energy difference of ⬇0.21 eV per
unit cell; i.e., the P1̄ phase is still more stable than the Cmcm
structure, in agreement with the current NPD results.
In seeking an explanation for the current triclinic structure
being the lowest-energy configuration, it is useful to consider
the local bonding configurations in both forms of ZrNi
monodeuteride. Although the derived structure from the
Cmcm lattice shows some similarities with the triclinic P1̄
structure, there are significant differences in the local bonding coordination of each D interstitial site. Figure 4 shows
the total electron densities of states 共DOS兲 and their projections around the different atomic sites for the P1̄ ZrNiD
structure. The prominent 共⬇3.3 eV width兲 low-energy feature observed in the total DOS 共centered about 7 eV below
the Fermi energy, EF兲 corresponds to metal-D1 and metal-D2
bands. In contrast to the low-energy, single-band 共⬇2.6 eV
width兲 structure calculated for Cmcm ZrNiH,6 where all four
Zr4Ni2 sites are identical, the low-energy feature for the P1̄
structure actually contains two distinct bands associated with
the two different D sites. From the DOS projections around
the different atom sites, the DOS for the Zr4-site deuterium is
almost the same as that for Cmcm ZrNiH,6 and the M-D
interactions are dominated mainly by the Zr-D bonding for
this site, with the Ni-D interaction being much weaker. The
lower-energy DOS for the Zr4Ni2-site deuterium corresponds
not only to the strong Zr-D interaction but also to the increased Ni-D bonding associated with the significantly reduced Ni-D bond length. The Ni-H共D兲 bonds in the Zr4Ni2
site are shortened from 2.246 Å 共Cmcm, Ref. 3兲 to 1.810共4兲
and 1.876共4兲 Å 共P1̄兲. The total DOS band structure at higher
energy is similar to that in Cmcm ZrNiH,6 where a strong
band of ⬇4.0 eV width is mostly due to the DOS of the
Ni-3d localized states, and the Zr-4d states are more delo-

FIG. 4. 共Color online兲 Total electronic DOS of P1̄ ZrNiD and
projection around the different atomic sites. The l-projected DOS of
Zr and Ni are also shown. D1 atoms occupy Zr4Ni2 sites and D2
occupy Zr4 sites. EF is taken as the zero of energy and shown as the
dashed line.

calized, which results in much broader bands of lower DOS.
The top of the Ni-d bands is ⬇0.8 eV lower than EF, and the
Zr-d contributions at and above EF are much larger than
those of the Ni-d state. As previously proposed,5,6 since the
Ni-s, p, and d states that participate in the metal-D bonding
were already occupied in pure ZrNi, the Zr-D interaction
plays a crucial role in stabilizing the ␤-deuteride phase by
lowering the energy of the empty Zr-d states in pure ZrNi
below the Fermi level of the deuteride, and also because of
the larger energy gain resulting from the lowering of the
higher-energy Zr-4d states compared to the Ni-3d states. In
that sense, the total energy of the P1̄ structure would be
further lowered because the Zr-D binding in the Zr4 sites
becomes even stronger due to the dramatically decreased ZrH共D兲 bond lengths, from 2.175– 2.25 Å 共Cmcm structure兲3
to 2.064共5兲 – 2.135共4兲 Å 共Table III兲. We believe that these
differences in the local-bonding arrangements are largely responsible for the free-energy difference between the P1̄ and
Cmcm structures. In addition, the Zr-D bond lengths for the
Zr4 site are much shorter than those for the Zr4Ni2 site 共Table
III兲. Therefore the stronger binding with deuterium makes
the D2 共Zr4 site兲 more stable, leading to higher D2 occupancies in the P1̄ cell. With increasing D content toward ZrNiD,
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FIG. 5. 共Color online兲 NV spectrum of ZrNiD0.88 at 10 K.
FWHM instrumental resolutions are depicted by the horizontal bars
beneath the spectra. Calculated spectra for P1̄ and Cmcm
␤-ZrNiD delineating both 1 phonon 共dotted line兲 and 1 + 2 phonon
共solid line兲 contributions are shown with the experimental data.

FIG. 6. Calculated phonon dispersion curves along highsymmetry directions in the Brillouin zone for P1̄ ␤-ZrNiD. The
phonon density of states is also shown.

a two-phase region is reached with the appearance of
␥-ZrNiD3.11,12 This is further evidence that the Zr4Ni2 site is
less stable, since such a site will have a greater probability of
being occupied in ␤-ZrNiD1−x as x → 0 共i.e., as the D content
increases兲. For D contents approaching and above the monodeuteride stoichiometry, the repulsive D-D interaction at
short distance would be chiefly responsible for the onset and
formation of the trideuteride ␥ phase.
The observed phonon density of states for ZrNiD0.88 was
also found to corroborate the refined P1̄ structure. Figure 5
shows the NV spectrum for ZrNiD0.88 at 10 K, which displays six peaks. To understand the spectra, we performed
first-principle phonon calculations. We started with the optimized ZrNiD P1̄ structure mentioned earlier. The relaxed
atomic positions agreed closely with our experimental values
for ␤-ZrNiD0.918. The phonon calculations were then performed with this optimized structure. A cell of 1a ⫻ 1b ⫻ 1c
was used and the full dynamical matrix was obtained from a
total of 36 symmetry-independent atomic displacements
共0.01 Å兲. The computed phonon dispersion and phonon density of states are shown in Fig. 6. The ZrNiD NV spectrum
was computed for a 10⫻ 10⫻ 10 q-point grid within the incoherent approximation with instrumental resolution taken
into account.31 The primitive cell of ZrNiD contains 4 formula units 共i.e., 12 atoms兲 giving rise to a total of 36 phonon
branches 共18 Ag and 18 Au兲. Inspection of the eigenvectors
allows the characterization of the modes. The NV spectrum
is dominated by D-atom displacements. NVS intensities
largely associated with the metal-atom displacements 共peaks
between 0 and 30 meV兲 were not measured. In Fig. 5, the

first three modes at ⬇54.6, 73.5, and 78.1 meV originated
from D atoms in the Zr4Ni2 D1 octahedral sites with the
lowest peaks assigned to D vibrations along the Zr2-D1-Ni2
direction 共N . B.: Zr2-D1 has the longest bond lengths in the
octahedron兲. The other higher modes at ⬇84.0, 90.8, and
95.3 meV were from D atoms in the Zr4 D2 tetrahedral sites,
which contain much shorter Zr-D bonds. An NV spectrum
based on the previously reported Cmcm structure3 was also
simulated 共see Fig. 5兲, and it is clearly unlike the measured
ZrNiD0.88 spectrum.
From Fig. 5, the calculated phonon modes for
P1̄ ␤-ZrNiD agree reasonably well overall with the observed
NV spectrum of ZrNiD0.88, although the calculations are
found to overestimate the position of the lowest-energy feature. In particular, the phonon energy of the observed NV
peak is centered at ⬇54.6 meV while the calculated energy
is ⬇7 meV higher. According to our calculations, this peak
consists of two phonon modes corresponding to the octahedral D atom vibrating along the longest Zr-D and Ni-D
bonds, in-phase and out-of-phase, respectively. Our frozenphonon calculation for these two specific modes show that
the in-phase mode is harmonic, but the out-of-phase mode is
strongly anharmonic with an asymmetric energy vs D displacement potential curve. We believe that this anharmonicity is responsible for the energy discrepancy between calculation and experiment. Further investigation is necessary to
understand this interesting behavior. Moreover, in the measured sample, the octahedral sites are not completely occupied. Our first-principles phonon calculations are based on a
structure with complete occupancies for all atoms, which
would probably result in stronger M-D interactions. There-
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fore, calculated phonon energies might be expected to be
somewhat higher than the observed modes. Nonetheless, the
observed and calculated NV spectra are generally consistent
with the refined structure determined from the NPD data and
further confirm that there are two crystallographically distinct deuterium sites in the ␤-ZrNiD1−x structure, not just one
site as proposed previously. It should be noted that, although
this study was performed with deuterium, all structural and
spectroscopic results are directly applicable to ␤-ZrNiH1−x,
as further evidenced by the similar NV spectrum reported for
ZrNiH0.88.12

= 100.663共2兲°, and ␥ = 100.590共3兲°. In contrast to the previously proposed orthorhombic 共Cmcm兲 or slightly distorted
quasi-Cmcm ZrNiD with a single D site, the true ␤-phase
structure contains two crystallographically distinct D sites:
Zr4Ni2 octahedral sites and Zr4 tetrahedral sites, alternately
ordered along the a direction. As shown by first-principles
calculations, this energetically favored triclinic structure is
also in general agreement with the ZrNiD0.88 neutron vibrational spectrum and consistent with the electronic structure
predictions.
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IV. CONCLUSIONS

We have directly solved the structure of ␤-phase ZrNi
deuteride via Rietveld model refinements of the NPD
patterns for ZrNiD0.88 and ZrNi共H0.64D0.36兲0.88. The 300 K
refinement indicates a ␤-ZrNiD0.918 stoichiometry with a triclinic P1̄ structure and lattice parameters: a = 5.2637共1兲 Å,
b = 5.3752共2兲 Å, c = 5.2264共1兲 Å, ␣ = 101.521共3兲°, ␤
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